The 16S rRNA sequences were determined for species of Spirochaeta, Treponema, Borrelia, Leptospira, Leptonema, and Serpula, using a modified Sanger method of direct RNA sequencing. Analysis of aligned 16S rRNA sequences indicated that the spirochetes form a coherent taxon composed of six major clusters or groups. The first group, termed the treponemes, was divided into two subgroups. The first treponeme subgroup consisted of Treponema pallidum, Treponema phagedenis, Treponema denticola, a thermophilic spirochete strain, and two species of Spirochaeta, Spirochaeta zuelzerae and Spirochaeta stenostrepta, with an average interspecies similarity of 89.9%. The second treponeme subgroup contained Treponema bryantii, Treponema pectinovorum, Treponema saccharophilum, Treponema succinifaciens, and rumen strain CA, with an average interspecies similarity of 86.2%. The average interspecies similarity between the two treponeme subgroups was 84.2%. The division of the treponemes into two subgroups was verified by single-base signature analysis. The second spirochete group contained Spirochaeta aurantia, Spirochaeta halophila, Spirochaeta bajacaliforniensis, Spirochaeta litoralis, and Spirochaeta isovalerica, with an average similarity of 87.4%. The Spirochaeta group was related to the treponeme group, with an average similarity of 81.9%. The third spirochete group contained borrelias, including Borrelia burgdorferi, Borrelia anserina, Borrelia hermsii, and a rabbit tick strain. The borrelias formed a tight phylogenetic cluster, with average similarity of 97%. The borrelia group shared a common branch with the Spirochaeta group and was closer to this group than to the treponemes. A single spirochete strain isolated from the shrew constituted the fourth group. The fifth group was composed of strains of Serpula (Treponema) hyodysenteriae and Serpula (Treponema) innocens. The two species of this group were closely related, with a similarity of greater than 99%. Leptonema ilini, Leptospira biflexa, and Leptospira interrogans formed the sixth and most deeply branching group. The average similarity within this group was 83.2%. This study represents the first demonstration that pathogenic and saprophytic Leptospira species are phylogenetically related. The division of the spirochetes into six major phylogenetic clusters was defined also by sequence signature elements. These signature analyses supported the conclusion that the spirochetes represent a monophylectic bacterial phylum.
The spirochetes are one of the few major bacterial groups whose natural phylogenetic relationships are evident at the level of gross phenotypic characteristics (58, 59) . Spirochetes possess a cellular ultrastructure which is unique among eubacteria (13, 24) . The helical protoplasmic cylinder is encased by an outer sheath which has some features analogous to the outer membrane of gram-negative bacteria. Spirochetes possess internal organelles of motility called periplasmic flagella (37) which are located between the protoplasmic cylinder and the outer sheath. However, in later stages of growth, the periplasmic flagella of some spirochetal species have been shown to be external (44) . Periplasmic flagella are ultrastructurally and chemically similar to the external flagella found in other eubacteria (10, 24) . Depending on the spirochete species, the number of flagella varies from 2 to hundreds per cell. Other unifying characteristics of spirochetes are resistance to the antibiotic rifampin (1, 35, 50, 55) and (except for the leptospires) the presence of ornithine in cell wall peptidoglycan (30) . Earlier attempts to produce a phylogenetic systematics for the spirochetes, using the rRNA oligonucleotide cataloging method (41) , showed the spirochete phylum to fall into five major sub-* Corresponding author.
classes: the genus Treponema, the genus Spirochaeta, the borrelias, the leptospires, and Treponema hyodysenteriae. Recently, T. hyodysenteriae and its nonpathogenic relative T. innocens were reclassified in the new genus Serpula (51) , and henceforth these two species will be discussed as Serpula species. The phylogenetic positions of Cristispira spp. found in mollusks and spirochetes observed in termite hindguts were not determined because these spirochetes could not be cultured in vitro (7, 8) . The phylogenetic structure determined from 16S rRNA cataloging is in approximate agreement with the accepted classical taxonomy for spirochetes (7, 11, 12, 28, 32, 48) , in which the order Spirochaetales is divided into two families, Spirochaetaceae and Leptospiraceae, with the family Spirochaetaceae comprising the genera Treponema (including Serpula hyodysenteriae and related species), Spirochaeta, Borrelia, and Cristispira and the family Leptospiraceae encompassing the genera Leptospira and Leptonema.
Analysis of nearly complete 16S rRNA sequences (>95%) is a more powerful and accurate method for determining phylogenetic relationships than the earlier oligonucleotide cataloging methods (58) . The goal of this study was to use 16S rRNA sequencing to extend our understanding of spirochetal phylogeny. Bartlesvilie, Okla.) directly into phenol for RNA extraction. This step was followed by purification through cesium trifluoroacetate centrifugal gradients (Pharmacia Fine Chemicals AB) as previously described (57) .
16S rRNA sequencing. In most cases, rRNA was sequenced directly, using a modification of the standard Sanger dideoxynucleotide chain termination technique in which reverse transcriptase was used to elongate primers complementary to conserved regions of the 16S rRNA (34) . Seven previously described primers were used to obtain nearly complete sequences (56) . To obtain the sequence of the 5' end of the molecule, we used an eighth additional primer (AAGCAUGCAAGUCGARCGG) that was complementary to positions 51 to 69 of the 16S rRNA (using the nucleotide numbering system of Escherichia coli) (9) . Further descriptions of these procedures are presented in previous publications (40, 56) .
The 16S rRNA gene of Treponema pallidum was sequenced from a ribosomal DNA clone. It was cloned initially as a Sau3AI partial digest into the BamHI site of lambda phage 1059. The resulting clone began at the nearly universal Sau3AI site located at position 15 (E. coli numbering). For subcloning into M13mp8, M13mp9, M13mpl8, and M13mpl9, the ribosomal DNA was divided at the EcoRI site occurring at position 680 (E. coli numbering). The T. pallidum sequence was determined from these subclones by methods similar to those used for direct rRNA sequencing (described above) but with additional sequence information gained by the use of forward primers (57 nucleotides were derived from rRNA templates. The cloned sequence resulted from an initial BamHI clone in lambda L47 which was subcloned into Ml3mpl8 (46) . Data analysis. A program set for data entry, editing, sequence alignment, secondary structure comparison, similarity matrix generation, and tree construction for 16S rRNA data was written in Microsoft QuickBASIC for use on IBM PC-AT and compatible computers. RNA sequences were entered and aligned as previously described (40) . Only those base positions which were determined for every sequence and which could be unequivocally aligned were used in the distance matrix calculations. In addition, hypervariable regions for spirochete sequences were also omitted for these calculations. Using the numbering nomenclature for the 16S rRNA of E. coli (9) (31) . Dendrograms were constructed by using the neighbor-joining method of Saitou and Nei (45) .
Nucleotide sequence accession numbers. The sequences for the bacterial strains examined are available for electronic retrieval from the EMBL, GenBank, and DDBJ nucleotide sequence data bases under the accession numbers listed in Table 1 .
RESULTS AND DISCUSSION
The sequence of approximately 95% of the 16S rRNA molecule (1,400 to 1,500 bases) was determined for each of the spirochete strains listed in Table 1 . Sequences for Leptospira biflexa serovar patoc and turtle strain A-183 were identical. The relatively complete sequence of Leptospira interrogans serovar pomona (1,136 bases) differs by one base from the previously published 16S rRNA sequence of L. interrogans serovar canicola. The gap in serovar canicola sequence at E. coli base position 386 (after position 370 in reference 17) is a C in the serovar pomona sequence. Since the complete 16S rRNA sequence was available for serovar canicola (17) , it was used for phylogenetic analysis. The two Treponema denticola strains were also identical.
A sequence similarity mnatrix for 16S rRNAs of the spirochetes and of E. coli as an outgroup is presented in Table 2 . A dendrogram derived from the similarity matrix using the neighbor-joining method is shown in Fig. 1 . The branching order of the six major spirochete phylogenetic groups remained stable when hypervariable regions were included in the distance matrix calculations. The phylogenetic relationships obtained from the 16S rRNA sequence analysis are in overall agreement with previous catalog studies (41) and comparative sequence analysis of the trpE gene (5) . Characteristics of known genera of spirochetes with respect to physiology, ecological niche, DNA base composition, and other traits are presented in Table 3 .
Members of the genus Treponema, Spirochaeta zuelzerae, S. stenostrepta, and thermophilic spirochete strain Hi form These spirochetes are presently classified as belonging to the genus Spirochaeta since they are considered free-living. However, strain Hi is related more closely to the treponemes than to other free-living spirochetes (see text). a phylogenetic cluster, referred to as the treponemes, with an average similarity of 86.1%. The tree topology shows that this cluster is divided into two subgroups. The first subgroup is composed of T. pallidum, T. phagedenis, the human oral T. denticola, S. stenostrepta, thermophilic strain Hi, and S. zuelzerae, with an average similarity of 89.9%. The second subgroup contains the rumen spirochetes, Treponema bryantii, T. saccharophilum, and strain CA, the pectinolytic human oral T. pectinovorum, and the swine intestinal T. succinifaciens, with an average similarity of 86.2%. The average level of similarity between these two subgroups is 84.2%. The separation of the treponemes into two subgroups was verified by base signature analysis, Bases common to each of the two subgroups are shown in Table 4 . The significance of this subdivision within the treponemes remains uncertain.
Percent similarity and single-base signature analysis demonstrated that the free-living spirochetes, S. stenostrepta, thermophilic strain Hi, and S. zuelzerae, are more closely related to the treponemes than to other members of the Fig. 1 ). As shown in Table 5 , S. stenostrepta, strain Hi, and S. zuelzerae possess mhore bases in common with the sequences of the treponemes than with the sequences of Spirochaeta species. It is tempting to speculate that the free-living spirochetes, S. stenostrepta, strain Hi, and S. zuelzerae, may represent descendants of the precursors to host-associated treponemes. However, since each species represents a single strain that was isolated from aquatic sources, it is possible that they are fecal contaminants from an unknown host and are true treponemes. To resolve this issue, many strains of each species should be isolated from either aquatic or host environments. 16S rRNA-based DNA probes that are specific for each of these species will facilitate the screening for these spirochetes. The closest relative of S. stenostrepta is the thermophilic strain Hi, with 95.1% similarity. Other anaerobic thermophilic spirochetes isolated from thermal springs have been described recently (42) . It will be interesting to determine whether these thermophilic strains cluster also with S. stenostrepta or whether they occur in multiple branches of the phylogenetic tree.
The phylogenetic position of T. pallidum, the type strain of the genus Treponema, has been uncertain since DNA-DNA homology studies have found little or no homology between T. pallidum and other treponemes (36) . This is not surprising, however, since DNA-DNA hybridizations are most useful in determining the genetic relationships of closely related species, i.e., 16S rRNA sequence differences of less than 5%. The 16S rRNA sequences of treponemes differ by an average of almost 10%. For determining phylogenetic relationships between distantly related organisms (even procaryote to eucaryote), 16S rRNA sequence similarity is the most powerful method currently available (58) . As shown in Fig. 1 , it is clear that T. pallidum does indeed belong within the genus Treponema. Spirochaeta aurantia, S. halophila, S. litoralis, S. isovalerica, and S. bajacaliforniensis form a cluster separate from the treponemes at an average level of similarity of 81.9%. Within the Spirochaeta cluster, the average level of similarity is 87.4%. It has been suggested that S. bajacaliforniensis may be a strain of S. litoralis, given similarities in physiology and G+C content of their DNAs (13) . However, 16S rRNA data suggest that S. bajacaliforniensis warrants a separate species designation within the genus Spirochaeta.
The borrelias are more closely related to members of the Spirochaeta cluster (82.2% similarity) than to the treponemes (77.9% average similarity) and share a short common branch with the Spirochaeta cluster (Fig. 1) . These results differ slightly from previous rRNA oligonucleotide catalog comparisons in which the borrelias were found to be equally distant from the treponemes and the Spirochaeta species (41) . The borrelias comprise a very tight cluster, with average interspecies similarities of greater than 97%. These results are in agreement with DNA-DNA reassociation studies which demonstrated 30 to 70% homologies among Borrelia species (4, 26, 47) . Previous studies demonstrated that spirochetes isolated from the shrew and white-footed mouse are serologically and ultrastructurally distinct from species of Treponema, Borrelia, Leptospira, and Spirochaeta (2) . On the basis of these data, the authors suggested that these spirochetes may represent a new genus. This suggestion is supported by 16S rRNA sequence analysis in that the shrew isolate branched separately from other spirochetes (Fig. 1) .
The strains of S. hyodysenteriae and S. innocens form a very tight cluster (e.g., greater than 99% sequence similarity) which is only distantly related to the other spirochetes. Because these strains do not branch with other Treponema species, it was suggested (41) that they were clearly misclassified as members of the genus Treponema and were renamed as species of the genus Serpula (51) . The sequence analysis is consistent with DNA-DNA hybridization studies and analyses of protein profiles which failed to demonstrate a relationship of S. hyodysenteriae and S. innocens to other treponemes (36, 51) .
Lastly, the leptospires form the most deeply branching cluster within the spirochetal phylum and are divided into two subgroups. The first subgroup contains the saprophytic leptospires (L. biflexa serovar patoc and turtle strain A-183 [which had identical sequences]) and the parasitic leptospires (L. interrogans serovar canicola [17] and serovar pomona [which had nearly identical sequences]), with 90.3% similarity. The identical sequences of the patoc serovar and strain A-183 were not surprising inasmuch as the patoc strain had approximately 50% DNA relatedness with strain A-183 (6) . The other subgroup consists of the single species, Leptonema illini, with an average level of 83.2% sequence similarity with members of the first subgroup. As suggested (56, 58) . The other spirochetal base signatures listed in Table 6 are not unique for all spirochetes or are occasionally found in other eubacterial sequences, but they nevertheless present a strong argument for inclusion of all spirochetes into a single monophyletic phylum.
Each of the six major phylogenetic clusters discussed above was also defined by single-base signature analysis. Examples of base signatures for each spirochete cluster are given in Table 7 . Not all of the signatures for each cluster are shown. Since the shrew isolate represents the sole member of its phylogenetic cluster, additional members of this group will have to be analyzed to verify its signature elements.
The sequences of the species in the treponemes, Spirochaeta, and leptospire clusters are unusual in that they possess a 20-to 30-base 5' extension of the 16S rRNA molecule. As shown in Table 8 (17) .
The 5' extension found in spirochete 16S rRNA is unique among procaryotes and eucaryotes. While its origin and function are unknown, it may reflect some defect or alteration in the processing and maturation of the 16S rRNA transcript (33) . Procaryotes usually contain the rRNA genes grouped together in 1 to 10 nearly identical operons. The operons in E. coli are organized with the small-subunit RNA gene (16S rRNA) located at the 5' end, a tRNA gene, the large-subunit RNA gene (23S rRNA), and finally the 5S rRNA gene at the 3' end (9) . The genes are separated by spacer RNA. The spacer RNA adjacent to the 16S and 23S RNA genes forms characteristic structures that include double-stranded helical stems. The processing of the prerRNA transcript to mature rRNAs is complex and involves multiple enzymes (33, 49) . RNase III cleaves the doublestranded stems to separate the rRNA subunits from one another and from the tRNA element. Poorly characterized endonucleases affect the final 3' and 5' cleavages of the 16S rRNA. Examination of the rRNA operons of spirochetal species with and without the 5' extension is needed to clarify the origin and function of the 5' extension.
As recommended by the Ad Hoc Committee on Reconciliation of Approaches to Bacterial Systematics, phylogenetically based taxonomic schemes should reflect phenotypic consistency (54) . The spirochetal phylum easily satisfies these criteria based on the unique cellular ultrastructure of all spirochetes. Within this phylum, the spirochetes form six distinct but deeply branching groups: Treponema (including S. zuelzerae, S. stenostrepta, and strain H1), Spirochaeta, Borrelia, Serpula, the shrew isolate, and leptospires. The difference between spirochete genera is greater than the distance between the families Enterobacteriaceae and Pasteurellaceae. Despite the depth of branching, we suggest that the phylogenetic clustering of spirochetal groups, rather than a specific percent similarity, be used as a basis for defining spirochetal genera. We would agree with the suggestion that the exact 16S rRNA similarity limits for defining a given taxon will have to be determined for each bacterial phylum (27) .
